ABSTRACT Fibrinogen synthesis was investi ated in cultures of chicken embryo hepatocytes initiated and maintained in chemically defined serum-free medium. lI-Hydroxy glucocorticoids caused a 3-0old stimulation of fibrinogen synthesis.
Half-maximal stimulation was achieved with 1 nM corticosterone or hydrocortisone, as compared with only 0.1 nM dexamethasone. Increased fibrinogen production in the presence of these glucocorticoids was characterized by a 4-hr delay in onset, a sensitivity to actinomycin D, and a requirement for the continuous presence of the steroid. Crossed immunoelectrophoresis permitted analysis of the simultaneous effects of glucocorticoids on the synthesis of more than 20 plasma proteins secreted in culture. The absence of an effect on the synthesis of most of these proteins was in sharp contrast to the 3fold increase in fibrinogen production. Sera from a variety of animals also stimulated an increase in fibrinogen synthesis that was similar in degree but less specific than that due to glucocorticoids and that partially masked the response of the cells to the steroid hormones. The presence of an anticoagulant in the medium was found to be necessary for detection of the fibrinogen secreted in culture. Although insulin was routinely included in the chemically defined medium, the cells synthesized fibrinogen and responded to glucocorticoids in the absence of hormonal supplementation of the medium. These findings are consistent with the thesis that variations in glucocorticoid levels contribute to the regulation of fibrinogen production in the intact animal.
Fibrinogen, one of the major plasma proteins produced by the liver, has been the object of intense investigation because of its importance in the coagulation process. Early attempts to define the factors regulating fibrinogen synthesis revealed that a variety of agents causing stress and tissue damage gave rise to increased plasma levels of fibrinogen and several other plasma proteins known collectively as "acute phase" proteins (for review see ref. 1) . Elevated levels of glucocorticoids are characteristic of the response to injury and stress (2) , and these hormones have been implicated in modulating hepatic synthesis of fibrinogen (3) . Investigations of the effect of glucocorticoids on fibrinogen synthesis have been pursued in the intact rat (4) , isolated perfused rat liver (3), suspensions of hepatocytes (5, 6) , and monolayer hepatocyte cultures (7) . Clarification of the role of glucocorticoids has been complicated by the pharmacological doses that have been required to elicit the reported effects (3) (4) (5) and, in the culture systems, by the widespread use of serum in the medium (5) (6) (7) . Serum, a complex mixture of hormones and hormone-binding proteins (8) , could act in concert with the glucocorticoids.
In this paper we report the effect of glucocorticoids on fibrinogen synthesis in serum-free cultures of chicken embryo hepatocytes established by a modification of our previously described procedure (9, 10) . Basic characterization of plasma protein synthesis in these nonproliferating primary monolayer cultures has been described (10) , and the usefulness of this system as an experimental model for mammalian fibrinogen production has been proposed on the basis of structural similarities between chicken and human fibrinogens (11) . The rate of synthesis of the plasma proteins can be directly derived from their rate of secretion and accumulation in the medium (10); therefore, these terms are used interchangeably in this paper. Plasma protein synthesis was quantified by an electroimmunoassay (12) , without the need for radiolabeling. Our studies demonstrate continuous fibrinogen synthesis in the absence of any added hormones and a stimulation of fibrinogen production in response to physiological concentrations of glucocorticoid hormones. The preparation of hepatocyte suspensions from 16-day old chicken embryos, including perfusion of the liver and enzymatic treatment, was performed essentially as described (9, 10 (10) . Culture medium was replaced with fresh medium (2 ml) every 24 hr unless otherwise indicated. Heparin, at a concentration of 15 ,g/ml, was included in medium intended for fibrinogen assay unless otherwise specified.
MATERIALS AND METHODS
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Quantitation of secreted plasma proteins in 3-,gl samples of unconcentrated culture medium was accomplished by electroimmunoassay with monospecific and polyspecific antisera as described previously (7, 12) ; a more detailed treatment of the method will be presented elsewhere. Crossed immunoelectrophoresis (12) was performed on samples of medium concentrated by ultrafiltration with an Amicon YM-10 membrane (Amicon Corp.).
Incorporation of radioactive amino acids into trichloroacetic acid-precipitable cellular protein served as a measure of total hepatocellular protein synthesis and was determined as described previously (10) . Total cellular protein was measured by the method of Lowry et al. (14) . All determinations were performed, if not otherwise noted, on at least three culture dishes.
RESULTS
The effect of glucocorticoids on fibrinogen synthesis in embryonic chick hepatocytes has been studied in cultures initiated and maintained in chemically defined (standard) medium. The cells attached rapidly to the plastic surface of the dish and spread to form nonproliferating monolayers such as those seen in the presence of serum (10) . The total cell protein content remained constant for at least three days of culture, and cell viability, assessed by trypan blue exclusion (15) at 24, 48, and 72 hr after plating, remained at approximately 98% despite the absence of serum. In addition, fibrinogen synthesis continued at a constant rate; the cells synthesized a full spectrum (Fig. 1A , compare with ref. 10) of plasma proteins; and total cellular protein synthesis was constant at a level as high as that found in serum-containing medium and in viwo (10) .
When the synthetic glucocorticoid dexamethasone (1 nM) was added to the culture medium during the 24-hr interval described in Fig. 1 , fibrinogen synthesis was stimulated nearly 3-fold, from 5.0 to 13.6 ,gg per dish. The effect of the hormone on the broad range of plasma proteins secreted in culture was evaluated by crossed immunoelectrophoresis (Fig. 1) , a technique that we have previously applied to comparative studies of large numbers of secreted plasma proteins (10) . The marked stimulation of fibrinogen synthesis by dexamethasone was in sharp contrast to the unchanged synthesis of most other plasma proteins. These include: albumin, transferrin, the lipoproteins, two plasma proteins designated "C" and "M" (12) , those numbered 17 and 20, plus eight in the a2-globulin region that have not been numbered. Other than fibrinogen, only three plasma proteins (numbered 1, 5, and 7) showed any response to the addition of dexamethasone, and the effect on these proteins was a modest 30-50% increase.
The relationship between steroid concentration and degree of stimulation of fibrinogen synthesis is examined in Fig. 2 , in which the effect of dexamethasone is compared with that of the naturally occurring glucocorticoid hydrocortisone. Halfmaximal stimulation of fibrinogen synthesis was achieved by a concentration of 1 nM hydrocortisone as compared to only 0.1 nM in the case of dexamethasone. Total cellular protein content was not enhanced at any concentration of dexamethasone or hydrocortisone tested up to 100 nM, nor was any increase detectable by electroimmunoassay in the synthesis of either albumin, C, or M.
The structurally related glucocorticoids corticosterone, cortisone, and cortexolone were tested for their effect on fibrinogen synthesis. Only corticosterone, the glucocorticoid native to the chicken (16), had substantial stimulatory activity over the range of concentrations shown in Fig. 2 ; its dose response was indistinguishable from that of hydrocortisone. The maximal degree of stimulation and the concentration of steroid required to produce it varied somewhat from experiment to experiment. However, within any one experiment the potencies of hydrocortisone and corticosterone were always found to be equivalent, yet less than that of dexamethasone. In such experiments, the maximal stimulation obtained with each of these three steroids was the same.
To further characterize the stimulation of fibrinogen synthesis by these glucocorticoids, we investigated the time course of stimulation, its sensitivity to inhibition of mRNA synthesis, and its dependence on the continued presence of the hormones. Significant stimulation was first observed within the 5th hour of exposure to dexamethasone. Stimulation could be completely with Coomassie blue (10) . Several plasma protein peaks were identified and numbered according to ref. 10: peak 2, plasma protein "C"; peak 4, albumin; peak 6, plasma protein "M"; peaks 13 (17) . The cells responded with increased fibrinogen synthesis upon exposure to glucocorticoids within a few hours after plating (not shown) and maintained responsiveness throughout the first three days of culture (Fig.  3) . As shown in Fig. 3 , the enhanced level of fibrinogen synthesis was maintained during the 48-hr observation period in the continued presence of hydrocortisone. Withdrawal of the steroid after a 24-hr exposure resulted in a return of fibrinogen synthesis to nonstimulated levels. In contrast to fibrinogen, no stimulation of plasma proteins C, M, or albumin was observed even after 48 hr of continuous exposure to the hormone.
The development of the serum-free system permitted the observation, early in the course of these experiments, that the addition of fetal bovine serum to the cell culture profoundly stimulated fibrinogen production (Table 1) . However, unlike glucocorticoids, 10% fetal bovine serum also resulted in a significant stimulation of several other plasma proteins after a 24-hr exposure of the cells. Similar findings were noted with calf serum, human serum, horse serum, and adult chicken serum. The sole distinguishing feature among these sera resided in the dose required (1 to 15%) to achieve the observed effects. The complex response to serum shown by the hepatocytes with regard to the synthesis of plasma proteins will be addressed in a subsequent report.
We have examined the effect of hydrocortisone (not shown) and dexamethasone on fibrinogen synthesis in the presence of serum and compared it to that observed in chemically defined medium (Table 1 ). In the presence of serum, the steroids did not affect albumin, C, or M synthesis (not shown), but did result in a small increase in fibrinogen synthesis, as previously re- Cells were plated in standard medium. At 5 hr, fresh medium with or without 10% fetal bovine serum was given. Twenty hours after plating, the medium was replaced with fresh medium containing heparin with 10% fetal bovine serum or without serum, as before, and with or without 2 nM dexamethasone. After a further 24-hr incubation, medium was collected and-secreted fibrinogen was determined by electroimmunoassay. ported (7) . The stimulation was markedly dampened as compared to that in chemically defined medium.
The fibrinogen secreted by the cells in standard medium containing 15 ,gg of heparin per ml was found to be more than 90% clottable when assayed as previously described (7) with human thrombin. The presence of an anticoagulant, such as heparin, was obligatory for detection of fibrinogen in the medium as illustrated in Fig. 4 . No enhancement of the amounts of albumin, C, or M detectable was observed in the presence of this compound. The requirement for heparin could be circumvented by the addition to the culture medium of the coumarin derivative warfarin, which interferes with the synthesis of active thrombin precursors (18) . With 1 ,uM warfarin, fibrinogen was clearly demonstrable from the second day of culture onward. Insulin, although routinely included in the standard medium, was not required for attachment of the cells to the dishes, for maintaining cell viability, or for maintaining a steady rate of fibrinogen synthesis during the 3 days of culture described in this report. Addition of 1 nM dexamethasone without other hormone supplements resulted in a 3fold increase in fibrinogen synthesis-e.g., from 4.4 to 11.4 ,tg per dish during the 24-hr interval described in Fig. 1 . Further characterization of plasma protein synthesis in hormone-free medium will be presented elsewhere (G. Grieninger (Fig. 1) (20) .
The plasma proteins measurable by crossed immunoelectrophoresis with the antibodies used in Fig. 1 equal nearly 90% of the total protein that is synthesized and secreted in culture (10) . The effects of glucocorticoids on the more than 20 detectable plasma proteins were examined simultaneously by this technique. In addition to a dramatic stimulation of fibrinogen synthesis, exposure of the cells to 1 nM dexamethasone resulted in slightly elevated levels of only three other, as yet unidentified, proteins (peaks 1, 5, and 7 of Fig. 1 ).
Glucocorticoid action was characterized by a delay of several hours in onset, a sensitivity to inhibitors of mRNA synthesis, and a dependence on the continuous presence of the steroid. These features of the glucocorticoid effect and its relative specificity for fibrinogen synthesis are consistent with the generally accepted concept that steroid hormones affect the synthesis of specific mRNAs (21) . Of interest, Kwan and Fuller (22) (25) .
Detection of fibrinogen in the culture medium was found to depend on the presence of the anticoagulant heparin in the medium (Fig. 4) (5) (6) (7) , which is itself considered to exert its effects primarily as a source of hormones (26) . The levels of free (unbound) and total hydrocortisone in 10% fetal bovine serum, for example, are 3 and 25 nM, respectively (8) . We have found that low concentrations of sera from a variety of animals-including homologous serum-were capable of stimulating fibrinogen production by the chicken embryo hepatocytes in culture. In contrast to the relative specificity of glucocorticoid action on fibrinogen synthesis, serum significantly stimulated several other plasma proteins. In the presence of serum, the relative degree of glucocorticoid stimulation of fibrinogen synthesis was reduced (Table 1) . This dampening effect of serum is not understood at present; however, it serves to underscore the difficulties inherent in the evaluation of hormone effects in the presence of serum. The identity of the stimulating factor(s) in serum is currently unknown.
Our finding that cultured hepatocytes can sustain basal and glucocorticoid-stimulated fibrinogen synthesis in the absence of insulin or any hormonal supplement to the medium is without precedent in the literature. We cannot exclude the possibility that the hepatocytes themselves contribute serum proteins (e.g., transferrin; see Fig. 1 ) or other factors, albeit in low amounts, that influence this process. This consideration must be entertained in view of the recent reports that low levels of transferrin in combination with several hormones support the growth of certain cell lines (26) . A more complete characterization of plasma protein synthesis in the absence of added hormones will be presented elsewhere.
Elevated levels of glucocorticoids have been found in the response of animals to injury and stress (2, 27) . The characteristics of glucocorticoid stimulation of fibrinogen synthesis in these hepatocyte cultures support the thesis that glucocorticoids contribute to the regulation of plasma fibrinogen levels in the intact animal, including the acute phase response to stress.
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